Experimental data demonstrate that the environmental factors decreasing conductivity, slight variation of temperature, and water level have no influence on gonad development or courtship behavior in Notopterus notopterus. Spawning occurs during day time at a temperature of 25-28 °C. Newly spawned 3.8-4 mm adhesive eggs are guarded by the male until hatching. The egg envelope has external spiraling ridges, which are centered round the micropyle. Hatching occurs within 168-204 hours depending on temperature and even with some variability at 27°C constant incubation temperature. Exogenous feeding then starts on day 17 with a total length of 16.2 mm and yolk-sac remnants still present. The larval period lasts until day 36. Dark brown stripes appear on the body as one of the characteristic pigment patterns of juvenile N. notopterus at day 70 with a total length of around 34 mm, replacing the dotted pigment pattern of larvae and early juveniles. Later again a spectacular color change to uniformly gold-bronze coloration occurs. The genital papilla can macroscopically be recognized at day 80. Sexual maturity of N. notopterus in captivity as indicated by courtship behavior is first observed in 30-month old specimens of both sexes of the F1 generation with a total length of around 275 mm in males and 230 mm in females, whereas this might occur at smaller size in the P generation and in natural environment. Generally, in N. notopterus the embryonic period lasts longer and the onset of the larval period starts much delayed as compared to a typical indirect or saltatory development. The larval period before onset of the juvenile period with its spectacular color changes, shows few discernible stages of morphological development. It is immediately a pterygiolarva with the jaws, branchial arches, most fins differentiated, a distinct pigmentation pattern and the mouth opened during the embryonic and free embryonic phases.
Introduction
The osteoglossiform family Notopteridae comprises four genera, eight better known and ten nominal species with mostly long and notably slender bodies occurring in tropical Africa and South and South-East Asia (Roberts 1992 , Nelson 2006 , Eschmeyer and Fong 2017 . They are able to swim backwards almost equally well as forwards by undulation of the anal fin. If present at all, the dorsal fin is small and featherlike, so these fish are commonly referred to as "Feather backs" or "Knife fish". Knife fish have a long anal fin, which conjoins with the caudal fin posteriorly and with the leading edge closely behind the rudimentary ventral fins anteriorly. The mouth has many small teeth and the body is covered with numerous tiny scales. The swim bladder remains connected to the gut and is also used for breathing air. This swim bladder may have four functions: keeping buoyancy, as a means for aerial respiration, as an accessory auditory organ, and as an organ for sound production (Bridge 1900 , Greenwood 1963 . Notopterus notopterus (Pallas, 1769) , the "Asian knife fish" or "Bronze featherback" and the large growing spe-cies of the genus Chitala are fish from tropical South-East Asia. The Asian knife fish is mainly found in floodplains, in stagnant backwaters and ponds and even enters brackish waters of the river mouths. Its natural habitats are located in India, Pakistan, Burma, Thailand, the Malay Archipelago, the Philippines, Cambodia, Vietnam, Laos, Bangladesh, and Myanmar (Day 1889, Roberts 1992) . N. notopterus is predominantly a carnivorous and a free water column feeder (Mustafa and Ahmed 1979, Azadi et al. 1994) . It is a much valued regional food fish.
Reports on the reproduction of N. notopterus and notopterids in general are a bit heterogeneous and fragmentary in the literature. Courtship and spawning activity in N. notopterus was observed during the day (as also in our case) and at a temperature of 26-28 °C. This may last for about seven days according to Friese (1980) . In contrast, Pinxteren (1974) reported that spawning activity occurs during night in Notopterus spec. and females lay eggs on the ground and on stones in water of 25 °C temperature. Smith (1933) reported that newly spawned eggs of N. chitala (Chitala chitala) measured 4 mm. The eggs are attached to a substrate (Smith 1933 , Friese 1980 , Axelrod and Burgess 1981 . The 3-4 mm eggs hatched within 11 days according to Axelrod and Burgess (1981) , whereas Friese (1980) mentioned that the eggs are 3.5 mm and hatched after six days at 28 °C. Srivastava et al. (2012) also measured an egg diameter of 3.5±0.5 mm at the envelope and stated a hatching time of 5 to 6 days after fertilization at a temperature of 26±1°C. Among Notopteridae, N. notopterus and the Chitala species perform parental care. The males of N. notopterus and C. chitala guard the freshly spawned eggs (Smith 1933 , Pinxteren 1974 , Friese 1980 , Axelrod and Burgess 1981 . Xenomystus nigri apparently does not perform parental care (Trittelvitz 1986 , Siraad 1999 ) and except Ong (1965) about the breeding biology of the African Papyrocranus species almost nothing is known.
In the framework of a more extensive comparative study aimed at reproductive biology of osteoglossomorph fishes (Greenwood et al. 1966 , Greenwood 1973 ) N. notopterus was taken as one example. Despite growing attention in conservation and fisheries biology concerning the depleted natural stocks of Notopterus and Chitala species (Haniffa et al. 2004 , Sakar et al. 2006 ) and a short description of the development (Srivastava et al. 2012) , information on N. notopterus is still scarce and incomplete in several respect. Therefore, we present here a detailed analysis of reproductive behavior, an experimental approach at elucidating the factors involved in breeding, and a normal table of development with stage descriptions in time series on the basis of regular breeding in captivity and for a broader basis of comparison with a phylogenetic perspective.
Materials and methods
A larger group of specimens of Notopterus notopterus originating from South-East Asia, had already been present at the Humboldt University of Berlin, before the onset of the study. These were nine females and five males with a total length of 198-269 mm and a total weight of 46 -159 g. The additional 20 specimens (10♀, 10♂) were purchased from a wholesale dealer (Aquarium Glaser in Rodgau, near Frankfurt am Main). This group consisted of individuals ranging from 178-248 mm in total length and 39-137 g total weight. Sexes of N. notopterus are distinguished by the shape of the genital papillae (Weitkamp 2005) . The male's narrow genital papilla is of reddish color and longer than the rudimentary pelvic fin, while the female's broader one is of whitish color and shorter than its pelvic fin (Figs 1, 19) .
The fish were fed once a day on sliced beef heart and/ or frozen chironomids.
Two tanks, one of 700 l and 400 l volume, respectively, were used to breed this species with sex ratios 2:1 and 1:1 (female/male). Each tank had been disinfected before usage. One breeding tank was equipped with black polythene shreds as plant imitation or hiding places and some flat large stones as spawning substrates, whereas the other tank was supplied with two large stones and sand, covering the entire bottom .
The acclimatization period lasted about two to six months. This period of time was used for continuous observation of the selected specimens for breeding purposes, controlling aggressiveness and also to create the desired breeding conditions. During this phase, the fish established individual territories. Moreover, the male seemed to choose a female partner for courtship and mating.
Eggs, embryos and larvae were attained from ten spawning events. Directly after each spawning, the eggs were removed from the breeding tank and transferred into 20 × 10 × 6 cm plastic jars covered with a plastic lid or into Petri dishes measuring 5 to 10 cm in diameter. These were placed in a thermostat (27 °C, no aeration system) until the larvae started exogenous feeding. Larvae were fed for the first 7 days with fresh, newly hatched Artemia nauplii. Subsequently on the eighth day of feeding, food supply was substituted by older Artemia nauplii supplemented with small pieces of Tubifex. As the larvae grew, they were transferred into a small tank (20 × 20 × 20 cm) and provided with small pipes as hiding places. Once older than three months, the juvenile fish were additionally fed with small pieces of beef heart twice a week or alternatively also with a mixture of sliced meat, fish, shrimp, and paprika bound by gelatin.
Variation of environmental parameters to induce the gonad maturation was stimulated with the method developed by Schugardt and Kirschbaum (2004) , namely through manipulation of the conductivity of the water. Continuous decreasing conductivity was achieved by adding demineralized water to the water in the experimental tanks. The water level (WL) was kept constant through an overflow system. Conductivity (C) and temperature (T) were measured daily by using a conductivity meter (WTW Tetracon 325); photoperiod was set at 12L:12D.
The gonad's maturity coefficient (MC) of dissected specimens measured as an index value (gonad weight/ total weight-total gonad weight) × 100, was used to verify and evaluate the effect of environmental factors on gonad development.
All photos of fertilized eggs, developmental stages of the embryo and larval development were made with two different cameras: a Leica S6E binocular fitted with a Canon PC1048 micro-camera or a Canon Powershot S50, digital camera mounted on a Leica L2 Stereomicroscope. Pictures taken from the laboratory showing the representative juvenile and adult fish as well as their tanks and in situ condition were photographed using a Canon EOS 350D digital Camera. Standard detailed photographs and measurements were always taken of anesthetized specimens, using MS222 (Tricain-Methane-Sulfonate), buffered with Sodium-Bicarbonate to maintain neutral pH. Extensive 24 hrs life-stream filming of behavior was done with a webcam (AXIS 2120 Network Camera) and with dim red-infrared-lighting during the night, sequences captured on a Dell Optiplex Workstation. The program for collecting sequences of 5 second intervals was developed by Dirk Striebing (Museum für Naturkunde) for remote observation and documentation projects. All handling of the fishes conformed the laws and rules of the TSchG in the latest versions of May 18, 2006 and July 28, 2014 , and to come nearer to natural environmental conditions particular care was taken to avoid any disturbing actions, accidents, injuries or serious intraspecific aggressiveness.
The terminology of early ontogeny which was applied here is based on the concept of Balon, developed in a series of publications (1975a, b, 1979, 1981, 1984, 1999) .
Results

Reproduction
A high number of successful breedings in captivity have been recorded that, if not prevented by forming larger groups, had left us almost with a marketable stock of Notopterus notopterus. The first two experiments are documented here in more detail. The first breeding experiment was performed with one male and two females. The method of variation of conductivity was based on experiments with polypteriforms, mormyrids and gymnotiforms (Kirschbaum and Schugardt 2002) , which had shown that decreasing conductivity can elicit gonad maturation. A swollen belly as a sign for gonad maturation was seen for the first time in female No. 1, 33 days after the onset of the experiment.
First time spawning occurred on day 198 of the experimental period, followed by 19 spawning events with irregular intervals (see Table 1 ) within a five-month period. Female No. 2 spent most of the time alone in the other part of the tank without interrupting the pair during courtship and spawning behavior. The three fish initially were 269 mm (♀ No.1), 236 mm (♀ No. 2), and 250 mm (♂) in total length (TL) and varied in total weight of 99 g, 83 g and 118 g, respectively. The acclimatization period lasted for 108 days. On the following day the conductivity was decreased from 780 to 620 μS/cm (Fig. 2) to start the experiment.
The second breeding experiment comprised one male (TL= 261 mm, TW = 110 g; initial data at start of the experiment) and one female (TL= 236 mm, TW= 83 g) (Fig. 3) . A swollen belly of the female concurrently with courtship behavior was first observed on day 62. However, no spawning occurred during this initial courtship period. Around 15 times, intense courtship behavior was observed mostly from 12.00 to 6.00 pm throughout a five-month period. However, spawning occurred only six times. The first spawning of this pair was found on day 182, around 5.30 to 7.00 pm, whereas the following spawnings mostly took place from 8.00 to 2.30 pm.
Courtship behavior was regularly observed throughout the entire daytime. Overall there were five steps of courtship behavior observed during these breeding experiments: 1) The male repeatedly followed or swam alongside the female, but still the female often avoided the male, 2) Male touched the female's belly with his mouth several times while the female actively swam up and down in front of the male, 3) Male quivered the female by swinging rapidly his tail against the side of the female's body, to which the female reacted by swimming quickly to the other side of the tank and then returning directly to her previous position, 4) A male and a female stayed still in a corner of the tank until the male suddenly swam to the other side, 5) The male later on was actively approached by the female and led the female to the spawning site. Course of the tested environmental factors during 331 days: conductivity (C), water level (WL) and temperature (T) in breeding tank II containing one female and one male Notopterus notopterus. Irregular spawning intervals were observed for 6 times within a 6-month experimental period. The breeding experiment was started after 40 days of acclimatization. Note the first swollen belly of the female (Arrow). *Asterisks refer to observed spawnings.
In the particular case of the second breeding pair, mostly during this intense courtship behavior the male was actively seen preparing a suitable spawning site, by removing gravels and cleaning the spawning site with his mouth.
The 20 successful spawning events of the first breeding experiment were observed during day time. The pair seemed ready to spawn as the female showed a swollen belly and the male was apparently attracted by the female. Soon after the female had laid some eggs on the preferred substrate, the male quickly fertilized the eggs while the female was still nearby. When spawning was finished, the male remained at the spawning site, while the female left for the other side of the tank. The genital papilla of the female appeared bigger than usual during courtship and spawning. It is approximately 5-7 mm in length then.
Regarding most of the spawning events of the first breeding pair, nearly all the eggs were spawned on the same substrate and at the same location. The eggs were attached to the bottom side of larger stones. Nevertheless, in the last two spawning events of this breeding pair, eggs were found outside of the common area: on the edge of the filter (Fig. 6 ), even though some larger stones were positioned nearby. The female deposited a highly variable number of circa 15-225 eggs per spawning act and 1560 eggs as a whole during the 20 spawning acts (see Table 1 ). The second breeding pair always spawned underneath or nearby large stones. During six spawning events, the female deposited around 355 eggs in total. Detail numbers of each spawning is presented in Table 1 . Parental care is performed by the male. This is mainly aggressively defending the nest against other specimens in the tank and guarding the eggs also against the female. For two days after spawning food uptake of the male was significantly lower.
In N. notopterus only the left gonad is developed. For the purpose of evaluating gonad maturation in relation to size, external shape of the belly, and potential external The male pushed gently the female's belly with its mouth to the desirable spawning substrate; (b) both fish were seen floating very close to each other after the male fertilized the eggs; (c) the second spawn of the female followed soon after first fertilization by the male; (d) male pushes the female again to another substrate near the first location of spawning; (e) the male immediately fertilizes the eggs; (f) the female deposits eggs for the last time in this series.
triggers of reproduction, the in situ conditions of dissected grown females and males were studied. Two females presenting an immature and a mature ovary, do show extremes of the maturity coefficients (MC) of 0.68 and 8.46, respectively. The single ovary in female N. notopterus is positioned laterally of the coiled intestine in the abdominal cavity on the left side of the fish. The immature ovary contains mostly oocytes in stadium 1 with their very dominant whitish color. The mature gonad of a female of 23 cm total length and 111.5 g weight is yellowish orange, occupies almost all of the space in the abdominal cavity, shows oocytes in different advanced stages and is surrounded by fat tissue.
As a whole the MC in 16 sacrificed and dissected specimens of N. notopterus was determined from grown specimens of the P and F1 generation, and did not show any correlation with the measured potential external factors of water quality, kept fairly constant in the aquaria.
Maturity coefficient (MC) values of the specimens used in breeding experiment 1 at the end of the experimental period were 8.46 (♀1), 8.75 (♀2) and 1.12 (♂1), at 26°C and decreasing conductivity (500 µS/cm) after a rise to 650 µS/cm corresponding to Fig. 2 . Whereas in breeding experiment 2 (Fig. 3) the MC for the single male ♂2 and female ♀3 were 0.76 and 7.52, respectively, when reproduction had stopped for more than two months at 27°C and decreasing conductivity (550 µS/cm), after a rise to 680 µS/cm conductivity.
Early Ontogeny
Fertilized eggs are adhesive, yellowish, and spherical with 3.8-4 mm in diameter. The egg envelope has many external ridges which are centered around the micropyle (Figs 7, 8) . Eggs were incubated at 27 °C. The terminology of the development of N. notopterus follows the system of Balon (1975) . The descriptive concept is similar to that used in Diedhiou et al. (2007a, b) . There are five periods of the complete ontogeny distinguished: the embryonic period (I), the larval period (II), the juvenile period (III), the adult period (IV) and the senescent period (V). The last period will not be discussed in this work due to the lack of information on this period in N. notopterus. Time of spawning is used as the time zero in age determination; it is presented as hrs:min or days.
The embryonic period
The cleavage phase Stage 1: zygote-one cell. At 1:10, a discrete and distinct brownish pattern emerged to the top of the egg, the blastodisc as characteristic of bipolar differentiation. Beneath the blastodisc, the cytoplasm strictly joined to the yolk due to the formation of the prospective yolk syncytial layer (Fig. 9a ). Stage 2: two-blastomere. At 2:00, the earliest cleavage furrow divides the blastodisc into two identical blastomeres, the two-cell stage ( The following cleavages develop into asynchronous formation of furrows producing unequal blastomeres in size and the germ comprises up to circa 32 blastomeres ( Fig. 9f ). Stage 7: blastula. In specimens of this stage, at 6:25, the blastodisc shows a definite pebbled emergence and its upper exterior side forms a dome-shape. It is indeed distinguished from the yolk cell by a ring-like demonstrating the formation of the yolk syncytial layer (Fig. 9g ). Stage 8: flat blastula. The blastodisc divides into two types of cells at 7:40. The primary cell population recognized is the enveloping layer. It mostly originates from the superficial cells of the blastoderm that form an epithelial sheet with a mono-cellular layer. The deep layer of cells is located beneath the internal surface of the enveloping layer (Fig. 9h) . Shortly afterwards, the margin of the blastoderm expands externally and the annular groove at the blastoderm-yolk junction vanishes. This modification is the most noticeable sign indicating the start of the epiboly.
Stage 9: late blastula. At this stage the deep cells have multiplied producing a multicellular layer, observed at 8:35 to 9:00. As cleavage proceeds, cell size indeed declines while the cell number enhances leading to an advanced blastula in the limited blastodisc area. The blastoderm becomes opaque and firm. It also shows a broad and thick belt of the external yolk syncytial layer. The animal surface of the yolk cell underlying the blastoderm is flat and most of the yolk vacuoles are located inside. Shortly afterwards, the periphery of the blastoderm extends over the adjacent yolk margin (Fig. 9i) .
The embryonic phase
Stage 10: epiboly, evacuation zone. Animal pole and vegetal pole are clearly separated from each other, this occurs around 16:00 h. The germ acquires again the circular shape with a lens-shaped blastoderm. The upper part of the yolk is densely packed with globules. The blastoderm covers 30 % of the yolk surface and the margin of the blastoderm is lying just beyond the lower margin of the external yolk synctial layer. The inflated evacuation zone is covered by a single thin and clear mono-layered epidermal enveloping layer. The animal surface of the yolk sphere is flat. The internal yolk syncytial layer gets more prominent beneath the extremely thin and translucent blastoderm (Fig.10a ). Stage 11: 50% epiboly. The blastoderm spreading and covering 50 % of the yolk surface. As the blastoderm extends vegetally, the external yolk syncytial nuclei move underneath the blastoderm to distribute over the yolk mass. The margin of the blastoderm can be distinguished from the germ ring (Fig. 10b, 25:15) . Stage 12: embryonic shield. The margin of the blastoderm further spreads over the yolk margin and a visible embryonic shield emerges as a slender bulge. The longitudinal axis of the embryonic shield will be later on recognized as the prospective embryo. The evacuation zone seems to be dislocated from the vertical axis of the yolk mass (Fig. 10c , 27:00). Stage 13: early neurula. The embryonic shield becomes elongated towards the animal pole. It is formed by a thickening of the ectodermal epithelium to form a classical neural plate. A small evacuation zone is still present, but is not seen again after this stage (Fig. 10d, 29:15) . reduced from the previous stage. The neural plate continues to extend laterally and becomes wedge-shaped (Fig. 10g, 39 :10). Stage 16: latest epiboly. The blastoderm covers almost the entire yolk surface, leaving an exposed small yolk plug. The germ ring is now swollen all around. The primary yolk sac cavity extends further rostrally and caudally underneath the entire neural plate to form the segmentation cavity (Fig. 10h-i, 41:35 ). Stage 17: spoon-shaped embryo. Epiboly is completed and the yolk mass is wholly wrapped with both the blastoderm and the yolk syncytial layer. As neurulation proceeds, a neural groove becomes evident along the midline of the plate, with a widened, spoon-shaped depression at the anterior end. Shortly afterwards the neural folds have approached each other along the midline, which causes the neural plate to take a dumbbell-shaped appearance. In the prospective head region, the neural folds thicken (Fig. 11a, 48 :50). Stage 18: early trunk-tail bud. The lateral edges of the neural plate are prominent and fold in toward the midline of the embryo, mainly in the prospective trunk-tail region. The majority of the caudal portion of the neural anlage and underlying mesoderm project from the epidermal yolk sac cover to form a rudimentary trunk-tail region. The embryo now has around 10-13 somites. The earliest somatic muscular activity occurs in the posterior trunk-tail region. The observed contractions were mostly weak lateral trunktail flexions. A first twitch resulting from touching the embryo was observed, which was mostly followed by a secondary reaction of several trashes of the tail (Fig. 11b , 51:05). Stage 19: tail bud-bent. This stage is characterized by a 90° bend of the free trunk-tail. The somites and the mesoderm destined for the further differentiation of somites are in contact at the midline above the spinal cord, and the mesodermal matter of the lateral plates in the head region grows dorsally. The embryo now has 19-20 somites. The observed contractions were still mostly weak lateral trunk-tail flexions. Any disturbing action nearby will apparently provoke a twitch, which is then followed later on by a secondary backlash or even several thrashes of the tail. The heart tube is visible. The caudal tail region of the embryo, in which Kupffer's vesicle is located, is separated from the yolk sac and curved downward along the curvature of the egg envelope (Fig. 11c, 84 :25). Stage 20: otic placode and heart-beat. The otic placode emerges for the first time at this stage. Contractions of the heart are observed. The straightening of the embryo and the presence of blood cells enables now to analyze the blood circulation in more detail. The yolk sac is covered by a dense plexus of anastomosing subintestinal venae vitellinae. Spontaneous, vigorous, flexing movements of the body are common, which cause the embryo to rotate within the egg envelope. If illumination is changed, contraction frequency is increased for a short time. The central nervous system lays in a deep groove formed by the remarkably elevated paraxial mesoderm in the trunk-tail region and the prominent, densely packed mesoderm mass in the head region. The forming heart is seen inside the extended pericardial cavity. The blood cells are circulating through a system comprising in a sequential order: a two chambered heart, a dorsal aorta from the heart to the posterior limit of the yolk, a short intestinal loop, a subintestinal vitelline vein to the yolk sac periphery, and after taking a diffuse random course across the external surface of the yolk sac back to the heart. (Fig. 11d, beyond the entire anterior part of the embryo still attached to the epidermal yolk sac cover. The anterior part of the head is slightly undercut at its juncture with the epidermal yolk sac cover. At quiescent conditions the tip of the curved trunk-tail region reaches the vertical end of the head. This tip may touch or even pass over the head during movements. The embryo performs strong vigorous rotations and quivering motions. These movements are sufficient to change the orientation of the embryo inside of the egg envelope. The two columns of the presumptive corpus cerebelli fuse dorsally in the midline, forming also a transversally widened bulge behind the fissure rhombo-mesencephalica. This bulge curves forwards, inwards, ventrally and also grows caudally, forming the primitive cerebellar cavity. The lobi lineae lateralis are very obvious and start to elevate. The embryo is in a twisted position inside the egg-envelope due to its elongated body (Fig. 11g, 146 :50).
The eleutheroembryonic phase
Stage 24: hatchling. Hatching starts at about 168-204 hrs, 7 to 8 and 1/2 day after spawning and the free embryos measure10.5 mm. Despite constant temperature, hatching is variable among different breeding events and even among the same egg cluster and may be a process of several minutes to half an hour duration. The egg envelope has lost its stability, which could be seen by its pliable texture. The tail usually protrudes first and after a partial rupture of the egg envelope, the free embryos with the head part often still remain within the egg envelope for some time. The yolk sac measures around 3.8 mm in total length at this stage, often situated still inside the egg envelope. As the embryonic fin-fold is upright now, the development of the dorsal fin can be followed from this stage onward (Fig. 12a, 168 :05). Stage 25: completed rupture. The egg envelope is completely ruptured and the embryo is free. It usually takes around 20 minutes until the embryo successfully detached from its egg envelope. Shortly after hatching, the embryos rest calmly and straight on the ground. The eyes are completely black. The tiny, hemispherical pectoral fins project from the dorsal epidermal yolk sac cover, and are positioned close to the heart region. The yolk sac still measures around 3 mm. There are 58-62 pairs of somites observed at this stage (Fig. 12b , 168:25). Stage 26: jaws and branchial arches. The head still remains bent downwards along the yolk sphere. The first mesenchymal condensations of jaws and branchial arches can be seen between head and yolk mass. Usually the yolk mass is no longer rounded, but has become egg shaped with a narrow posterior end. The yolk sac measures around 2 mm and the free embryos usually measure 11 mm at this stage. When the freshly hatched embryo is stimulated, it makes rapid, striking movements through which it whirls around in circles with the yolk-sac as a center of gravity. The early free embryos are still too heavy for directional movements (Fig. 12c, day 8 ).
The Protopterygiolarval phase
Stage 27: mouth opening. Some evident changes in the outer appearance and in the structure of the head can be easily seen. The head process has already undergone a significant lift. Several structures are more clearly defined. In particular, the heart is beginning to descend inside the pericardial cavity. The emergence of gills starts close from here. The anlagen of the dorsal and caudal fins appear simultaneously as denser concentrations of mesenchyme in the fin fold. The formation of the first rays in the caudal fin is evident from this stage onward. The future swim bladder can be identified. Melanophores spread out significantly not only on the head part but also appear for the first time on the trunk and tail part. The head lift and further growth and straightening of the head exposes the underside of the head. The lower jaw has straightened forward. Mouth opening shows a ">" shape with clear separation of upper and lower jaws. The central lepidotrichial rays of the caudal fin start to segment. The yolk sac measures around 1.4 mm and the embryos measure 12 mm now (Fig. 12d, day 10 ).
The tiny pectoral fin bud becomes ellipsoid in shape due to its dorso-caudal prolongation, a detail seen in Fig. 13 . The pectoral fin is clearly larger than the eye now. Stage 28: progressive median fin-fold regression and formation of distinct fins. The dorsal and caudal fins lengthen over the embryonic fin fold. The continued regression of the dorsal median fin fold allows determining the contour of the body, the dorsal, anal, and caudal fins. The pectoral fin anlage now is circular with an enlarged and indented rim. The haemal and hypural processes are covered by a few muscles. From this stage onward, the embryos become increasingly more mobile and are apparently attracted by accumulations of food organisms. The embryo is now capable of completely lifting its head and actively closing or opening its mouth. The upwards flexion of the end of the notochord has reached its final shape, perpendicular to the longitudinal axis of the embryo. The embryo measures 13.6 mm and the capacity of the yolk-sac has decreased significantly (Fig. 14a, day 12 ). Stage 29: late embryo. The dorsal embryonic fin fold has significantly shrunk in height, especially in the rostral part. The late embryos measure 14.9 mm. The yolk sac remains visible. The pectoral fins are now formed with a proximal bud and a fan supported by 6 segmented lepidotrichial rays each. They are functional and used as in many other teleostean larvae for directional propulsion. In this stage, first movements of active breathing of the gill cover are observed (Fig. 14b, day 14) .
The larval period
The pterygiolarval phase Stage 30: exogenous feeding. The first stage of the larval period is characterized by exogenous feeding concurrent with endogenous nutrient-utilization. The yolk sac remnant is still present but almost resorbed. The swim bladder appears tube-shaped and gas-filled and continues to lengthen from this phase onward. The dorsal fin has grown showing newly developed fin-rays. The final shape of the caudal fin is reached by the conspicuous constriction and regression of the remaining dorsal fin fold at the caudal end of the peduncle. Melanophores spread over the integument. Pectoral fins are well developed and very mobile. The depicted individual larva at this stage measures 16.2 mm (Fig. 14c, day 17 ).
Stage 31: eye differentiation. The swim bladder starts to elongate dorso-rostrally to connect with the otic vesicle. The yolk sac remains are now completely resorbed. From this stage onward, the larvae are very mobile and actively hunting for food. The pigmented cornea of the eye has developed, the iris contrasts jet-black, eye movements are seen and the larvae are swimming closely along the bottom. The swim bladder has elongated a bit more and appears thinner posteriorly. An intense yellow-orange mass fills the gut, representing captured Artemia nauplii. The total length of the depicted individual larva is 21 mm (Fig. 14d, day24 ). Stage 32: anal and caudal lobe formation. The dorsal fin separates from the peduncular fin fold remain and the asymmetry of the fan of the caudal fin has become more conspicuous. The high number of lepidotrichia becomes distinct in the anal fin-fold, confluent with the caudal fin. The larvae usually measure 24 mm or more at this stage (Fig. 14e, day 36 ). The density of melanin has multiplied on the entire body, especially underneath the pectoral fins and the area above the intestine. The development of the dorsal and caudal fin is presented in higher magnification in detail in Figs  15 and 16 below.
Development of dorsal, caudal and pectoral fin are almost synchronous and precede the differentiation of lepidotrichia in the anal fin-fold. There is virtually no pre-anal fin fold and the elongate embryonic analis simply grows and is supplemented with ossifying lepidotrichia, radials and a differentiated musculature. From the last larval stage 32 onward, the characteristic undulatory movements of the anal fin are performed. Still later the tiny pelvic fins appear.
The juvenile period
The juvenile period of Notopterus notopterus comprises five stages as follows:
Stage 33: juvenile -1. This stage can be clearly characterized as a transition mark from the larval period to the juvenile period by its profound change in the pigmentation pattern. The embryonic fin folds are no longer visible. The swim bladder has extended caudally and is densely covered by melanophores. The lateral line of the body becomes visible, starting right behind the head in the opercular region at this stage. The formation of tube-like anterior nostrils is also starting from this stage onward. The body grows significantly in height and melanophores become denser also in the caudal part. Silvery-colored scales appeared on the midline of the anterior part of the trunk and at the base of the pectoral fin and caudal fin. The expansion of the stomach and the intestine can be clearly seen. The typical early juvenile measures now 29 mm (Fig. 17a, day 52 ). Stage 34: juvenile -2. At this stage the body has fully changed its color into "flamed" and roughly vertically or ventro-cranially to dorso-caudally arranged dark brown stripes. There is a bit of black color at the outer, the corneal part of the eye. This typical juvenile-2 measures 34 mm (Fig. 17b , day 70) Stage 35: juvenile -3. The body shows much stronger dark brownish stripes and pronounced elongation of tubular nostrils is apparent at the snout. The genital papilla emerges for the first time. The depicted individual measures 46 mm TL (Fig. 17c, day 80) . A survey of the development of the genital papilla is given in Fig. 19 . Stage 36: juvenile -4. There is once again an obvious change in the pigmentation pattern as compared to the previous stage. The striped, dark-brown coloration has disappeared. The whole body turns into bronzegold and the scales are externally well visible from this stage onward. The pale remains of the dark brown stripes can still be recognized. The pelvic fins start to emerge at this stage and the depicted individual measures 76 mm TL (Fig. 18a, day 92 ). Stage 37: juvenile -5. The dorsal fin loses its trapezoidal shape and forms into the triangular shape of the adult. Uniformly golden-brown now, the specimens have attained the general body profile of the immature adult now. The genital papilla is clearly recognized behind the elongated pelvic fins. The depicted late juvenile individual measures 145 mm TL (Fig. 18b, 18 months) .
The adult period
Stage 38: adult. The head shape and body pigmentation are different from the late juvenile. From this stage onward, the genital papilla of the mature fish can be easily differentiated between male and female by its form. The female's genital papilla is whitish, broader and shorter, whereas the male's is yellowish, thinner and longer. As turned out with experience, gonad maturation can be easily observed by the swollen abdomen and increase of appetite starting at the age of around 24 months and showing courtship behavior in 30 month old fish. A survey of all development stages in N. notopterus is presented in Table 3 .
Discussion and conclusions
Environmental factors in reproduction. Generally it shall be stated here that Notopterus notopterus is by no means a "sluggish" fish as sometimes stated with reference to the family Notopteridae. In contrast, we always found them alert and mobile, with a voracious appetite and latent aggressiveness. There is no obvious reaction to the environmental factors (decreasing conductivity, constant water level and slight variation of temperature) in N. notopterus. A female of the breeding experiment 1 (two females and male), indeed showed a swollen belly before the onset of decreasing conductivity, according to our results a reliable external sign of gonad maturation. Intense courtship behavior observed until the first spawning occurred after six months experimental period and one month after drastically decreasing and again elevated conductivity to high levels of around 800 µS/cm at constant water level. In the following series of spawning activities, no correlation is observed between spawning acts and changing water temperature (23-27°C) or conductivity values (150-660 µS/cm). In the breeding group 2 comprising a pair of N. notopterus, swollen bellies as indication for gonad maturation and courtship behavior were seen before onset of aimed manipulation of the water quality and at rather high levels of conductivity between 450 and 650 µS/ cm. Courtship behavior and spawning occurs in a wide pH-range too, between 6.0 and 8.5 (Table 1) . The influence of environmental factors on gonad maturation and courtship behavior in N. notopterus are therefore unclear. Apparently endogenous factors play an important role predominantly in regulating gonad maturation and in provoking courtship behavior in this species. A master thesis study of Weitkamp (2005) on N. notopterus also came to the conclusion that none of the environmental factors tested (i.e. conductivity, temperature and water level) had significant influence on gonad maturation. Though reproduction in the natural environment somehow seems to correlate generally to the monsoon and following time period (Mookerjee and Mazumdar 1946 , Breder and Rosen 1966 , Mustafa and Ahmed 1979 , Haniffa et al. 2004 , Srivastava et al. 2012 , we have the impression that food availability, nutritional condition of the individuals and isolation of breeding pairs or small breeding groups are the relevant factors that trigger hormonal condition of the fishes (De Vlaming 1974 , Stacey 1989 .
Gonads and fractional spawning. N. notopterus possess a single gonad located on the left side of the body, as observed also in Xenomystus nigri and Osteoglossum (Nyonje 2006 , Argumedo 2005 , 2009 . A single gonad is also present in Scleropages leichardtii (Merrick and Schmida 1984, Lake and Midgley 1970) , Heterotis niloticus (Moreau 1974) , Arapaima gigas (Fontanele 1948 , Lüling 1964 , Chitala ornata (Smith 1933) and at least in three mormyrids Hyperopisus bebe and Mormyrus kannume (Nawar 1959 , Scott 1973 and also in Hippopotamyrus pictus (Blake 1977) . In addition, in the comparative part of this study it was also confirmed that Pantodon buchholzi possesses both ovaries in accordance with Nysten (1962) .
The presence of both ovaries is also found in the Mooneye Hiodon tergisus (Glenn and Williams 1976) . Britz (2004) already concluded that presence of paired ovaries are the plesiomorphic condition among osteoglossomorphs -and an unpaired gonad may be a synapomorphy of extant Osteoglossiformes (cf. Li and Wilson 1996, Hilton 2003) .
Similar to what Weitkamp (2005) found, the ovary of N. notopterus contained various stages of oocytes comprising stage I (primary growth) to stage IV (maturation stage) (based on the system of Wallace and Selman 1981) . This indicates that the species is a fractional spawner. Azadi et al. (1995) already demonstrated that the ovary of caught N. notopterus was filled with four different stages (I to IV) of oocytes. Among a multitude of teleostean groups with this style of egg development and deposition, fractional spawning was also observed in Pollimyrus isidori (Kirschbaum 1987 , Kirschbaum and Schugardt 1995 , 2002 , in Mormyrus rume probocirostris (Schugardt and Kirschbaum 2004) , in fishes of the Paramormyrops magnostipes-complex (Nguyen 2011) , and in Xenomystus nigri (Nyonje 2006) .
Spawning, eggs and parental care. This study confirms that Notopterus notopterus is a substrate spawner with rather large eggs, a semitransparent adhering egg envelope and a yellowish yolk mass, devoid of oil globules. This is in accordance with Mookerjee and Mazumdar (1946), Ong (1965) , Pinxteren (1974) , and Axelrod and Burgess (1981) for Notopteridae in general. Eggs are similar and substrate spawning is also performed by Chitala chitala (Pinxteren 1974, Axelrod and Burgess 1981) .The adhesive egg envelope with its spiraling ridges of the zona radiata centered at the micropyle of the animal pole is not unusual among teleostean and actinopterygian fishes (Riehl and Patzner 1992 , Riehl and Kokoscha 1993 , Britz et al. 1995 , Bartsch and Britz 1997 . The egg of N. notopterus has many external ridges which are centered round the single micropyle located at the animal pole. Mookerjee and Mazumdar (1946) already stated that eggs of N. no- topterus show a "groove like line, radiating from the micropyle". Based on the four classifications of micropyle described by Kunz (2004 , modified from Riehl 1991 , the micropyle of N. notopterus belongs to type number 1: the eggs surface displays a spiralling pattern of ridges partially ending in the micropylar region. The pattern of the furrows on the surface of these species is radial, running from the animal to the vegetal pole. The egg of the catfish Sturisoma aureum of the family Loricariidae (Riehl and Patzner 1992) and the cyprinid Barbus conchonius of the family Cyprinidae (Amanze and Iyengar 1990) for example, also possess a micropyle with grooves and ridges directed toward the micropylar canal. The chorion in two other osteoglossomorphs Pollimyrus isidori (Diedhiou et al. 2007b) and Pantodon buchholzi (Britz 2004 ) instead, appears smooth at binocular magnification.
Preferred are stable, sheltering objects as a spawning site, like stones or even filter material and sand or gravel is actively removed by the male. Some simple sort of parental care is perfomed by the male too in aggressively Table 3 . Overview of developmental stages of Notopterus notopterus (27 °C), concept of determination of stages, phases and periods according to Balon (1975a, b protecting the eggs against intruders. Parental care was reported by other authors in Notopteridae (Smith 1933 , Pinxteren 1974 , Axelrod and Burgess 1981 , Friese 1980 . Both Chitala ornata and Chitala chitala are also reported to show parental care of their adhesive eggs. The male guards the eggs attached to different substrates (Smith 1933, Southwell and Prashad 1919) . Trittelvitz (1986) and Siraad (1999) assume that there was no parental care in Xenomystus nigri. Spawning in N. notopterus in our case occurs mostly during day time, with few observed exceptions. Friese (1980) also reported that spawning in N. notopterus tends to occur in the early morning. In contrast, Smith (1933) and Pinxteren (1974) reported spawning in Chitala and Notopterus spec. occurs mainly at night. It seems that spawning in N. notopterus may occur at any time of the day or night with a preference for morning and evening time.
In this study the number of eggs per spawning in N. notopterus varied from 15-225 eggs. Some previous authors reported number of eggs per spawning in Notopteridae between, 50 eggs (Ong 1965 in Papyrocranus (Notopterus) afer), up to 90 eggs (Pinxteren 1974) in Notopterus spec. and around 30-100 eggs (Axelrod and Burgess 1981) in N. notopterus. A higher number of eggs compared to N. notopterus were found in Chitala chitala, 300-500 eggs (Southwell and Prashad 1919) and up to 3500 in large sized C. ornata (Smith 1933) . In Xenomystus nigri, the number of eggs per spawning varies around 40-60 (Trittelvitz 1986 ). The newly spawned eggs of N. notopterus in this study were 3.8-4.0 mm in diameter. This is a bit larger, but roughly in accordance with Friese (1980) and Axelrod and Burgess (1981) and also confirms a recent study of Srivastava et al. (2012) .
Ontogenetic development. There is nothing very special observed and to be discussed in the earliest embryonic development up to hatching as compared to other teleostean fish and typically telolecithal eggs. There are, however, some interesting differences to literature data and discrepancies to an ideally saltatory development scheme that have to be noted. In this study it has been shown that N. notopterus hatched at 7 days (168 hrs) after spawning at a constant temperature of 27 °C, resulting in 4536 deg × hrs with some variability of several hours within the same egg-clutch.This was prolonged up to 8 and1/2 day (204 hrs) in lower temperature basins at 23°C (4692 deg × hrs). This is a bit different and mostly longer than what other authors found: 5-6 days after spawning at 26-28 °C (Srivastava et al. 2012); 5-6 days after spawning (Pinxteren 1974) and after 7 days of spawning (Axelrod and Burgess 1981) at not exactly known temperature; in 6 days after spawning at 28 °C (Friese 1980) . In Chitala chitala hatching occurred around five days after spawning (Hossain 1999, Radheshyam and Sarangi 2005) .
In this study, free embryos of N. notopterus, directly after hatching, measured 10.5 mm in total length, which however, is much longer to what Axelrod and Burgess (1981) found. According to them newly hatched N. notopterus measured only 7 mm. Just hatched embryos of N. notopterus measured 8.3 mm in total length according to Mookerjee and Mazumdar (1946) and were 8.0±0.5 mm long (Srivastava et al. 2012) . In other notopterids, free embryos of Chitala chitala measured 13.8 mm (Southwell and Prashad 1919) and 12 mm in C. ornata (Smith, 1933) .
A variable hatching size of embryos is often also reported in other osteoglossomorphs and teleost fishes, and the size at hatching is certainly influenced by environmental factors such as temperature and oxygen level (Hamor and Garside 1979 , Heming 1982 , Peňáz et al. 1983 . However, we are not sure, what is the reason for this large size difference as compared to the literature data, except these had been measured in fixated state. As judged from the figures, but not explicitly stated in the method section and no scale-bar given, the latter seems to be the case in Srivastava et al. (2012) . Otherwise one could speculate about different reproductive styles in different populations of N. notopterus.
According to our results and characteristics, hatchlings of N. notopterus are rather large and several morphological differentiations occur during the embryonic and eleutheroembryonic phase already as compared to several other known osteoglossomorphs and osteoglossiforms. Eye pigmentation in N. notopterus commences within the egg envelope when five or six days old. In contrast, in Pollimyrus isidori (Diedhiou et al. 2007b) , first indicators of eye pigment emerged only on the fourth day after hatching. Eye pigment is seen a few hours after hatching in P. adspersus (Diedhiou et al. 2007a) , in Petrocephalus soudanensis (Kirschbaum 2006) and in fishes of the Paramormyrops magnostipes-complex (Nguyen 2011) . The onset of melanophore formation in the integument of N. notopterus emerges around the forehead prior to hatching, at the age of five to six days. In mormyrids, the first melanophores appear in Pollimyrus isidori the day after hatching in the dorsal head epidermis (Diedhiou et al. 2007b) . In fishes of the Paramormyrops magnostipes-complex, black melanophores develop one day after hatching on the top of the head (Nguyen 2011) . In Pantodon buchholzi, black melanophores were observed for the first time on areas of the head, on the body and in a reticulate pattern on the dorsal region of the yolk-sac (Britz 2004 ). The free embryos of Hiodon alosoides lack melanophores completely, although occasionally melanophores could appear on the mid-dorsal surface (Battle and Sprules 1960, Wallus 1990) . As for Hiodon tergisus, Johnson (1951) and Snyder and Douglas (1978) reported that some branched melanophores appeared a few days after hatching, distributed on the ventral half of the yolk sac.
The development of pectoral, dorsal, anal and caudal fins starts prior to the onset of exogenous feeding in N. notopterus. This is similar to Pollimyrus isidori, P. adspersus (Diedhiou et al. 2007a (Diedhiou et al. , 2007b and also Pantodon buchholzi (Britz, 2004) . In three other mormyrids Campylomormyrus tamandua, Petrocephalus soudanensis and Hippopotamyrus pictus, the dorsal and anal fins emerge later, during the larval period (Diedhiou et al. 2007b) . Differentiation and lepidotrichia formation of the dorsal and anal fins, however, is much advanced in N. notopterus at the onset of extrinsic feeding, as compared to all these species. Generally, in N. notopterus the embryonic period lasts longer and the onset of the larval period starts much delayed as compared to a typical indirect or saltatory development (Hubbs 1926 , Balon 1979 . The larval period also lasts long before shifting to the juvenile period in N. notopterus, but with few discernible stages it is immediately a pterygiolarva with the jaws, branchial arches, most fins differentiated, a distinct pigmentation pattern and the mouth opened long before, from the embryo of stage 22 onwards. In the larval phase only final obliteration of the embryonic fin-fold and completion of the larval and first juvenile pigmentation pattern occurs. Onset of extrinsic feeding at stage 30 overlaps with complete resorption of the yolk-sac at stage 31, several days later. The larval period is then followed by the long juvenile growth period starting on day 51 and lasting until the age of 18 months with two pronounced changes in color and habits.
Possessing a large yolk sac allows the embryos to instantly structure the whole suite of permanent organs without being required to modify any temporal larval structures (Balon 1984) . Egg size and size of the embryo at hatching in N. notopterus is shown to be not that diminutive as in typical textbook examples of r-strategic reproduction, since this species produces medium-sized eggs, shows parental care to the time of hatching, and N. notopterus therefore is classified as an intermediate species with respect to interpretations of a reproductive strategy.
